Purpose of review Sodium-glucose cotransporters (SGLTs) are important mediators of glucose uptake across apical cell membranes. SGLT1 mediates almost all sodium-dependent glucose uptake in the small intestine, while in the kidney SGLT2, and to a lesser extent SGLT1, account for more than 90% and nearly 3%, respectively, of glucose reabsorption from the glomerular ultrafiltrate. Although the recent availability of SGLT2 inhibitors for the treatment of diabetes mellitus has increased the number of clinical studies, this review has a focus on mechanisms contributing to the cellular regulation of SGLTs.
INTRODUCTION
Sodium-glucose cotransporter (SGLT) activity mediates apical sodium and glucose transport across cell membranes. Cotransport is driven by active sodium extrusion by the basolateral sodium/potassium-ATPase, thus facilitating glucose uptake against an intracellular up-hill gradient. Basolaterally, glucose exits the cell through facilitative glucose transporter 2 (GLUT2) [1] . In humans, six SGLT isoforms have been identified [2], but SGLT1 and SGLT2 are the focus of this review. SGLT1 is responsible for glucose absorption in the small intestine [3 & ], and for reabsorbing nearly 3% of the filtered glucose load in the renal proximal tubule segment 3 (S3) [4 && ]. Until recently, tissue localization studies of SGLT1 were hampered by the lack of well-functioning antibodies [3 & ,5 ]. In the intestine, examination of various species showed that SGLT1 is expressed in the luminal brush border of enterocytes [3 & , [6] [7] [8] [9] [10] [11] [12] , which are responsible for nutrient absorption, and in enteroendocrine L-cells and K-cells [3 & ], which produce the incretins glucagon-like peptide-1 (GLP-1) and glucosedependent insulinotropic peptide (GIP) [1, 13 && ]. SGLT1 knockout (Sglt1À/À) mice show glucose-galactose malabsorption and do not survive unless kept on a glucose-free diet [3 & ]. However, Sglt1À/À mice have a comparable blood pressure compared with their wild-type littermates [3 & ]. SGLT2 is responsible for glucose reabsorption in the proximal tubule segment 1 and 2 (S1/2) [5, 13 && ], wherein it reabsorbs more than 90% of the filtered glucose load [3 & ].
The human blood glucose concentration under normal conditions is nearly 5.5 mmol/l, and less than 1% of filtered glucose is excreted in the urine [1,3 & ]. However, increasing amounts of glucose appear in the urine if blood levels exceed 10-12 mmol/l, assuming that glomerular filtration rate is unaffected [1, 2] . This may become evident in patients with insufficiently controlled diabetes mellitus. Under diabetic conditions, proximal tubule glucose reabsorption is enhanced via increased expression of SGLT2, possibly contributing to overt hyperglycemia [1,2]. The increased proximal tubule sodium reabsorption may reduce the downstream sodium and chloride concentration at the macula densa, thus activating the tubuloglomerular feedback mechanism. This may lead to early diabetic hyperfiltration and stimulation of the renninangiotensin-aldosterone system (RAAS) [15] . In patients living with diabetes mellitus for 10-20 years, approximately 20% develop diabetic nephropathy, which is currently the leading cause of endstage renal disease [15] .
This review focuses on the regulation of intestinal and renal SGLTs. The majority of studies presented in this review comprise investigations in cell cultures, isolated epithelia, purified membranes, isolated transport proteins or intact animals. Consequently, they reveal a rather complex regulatory pattern of SGLTs and may vary depending on experimental system or species studied. Each regulatory system may contribute to a different extent, resulting in differences in the overall final response.
REGULATION OF SODIUM-GLUCOSE COTRANSPORTER 1
Intestinal SGLT1 is modulated by dietary carbohydrate content. When rats, mice or sheep are fed a high-glucose diet, SGLT1 activity and expression are increased (for review see [16, 17] ). Interestingly, glucose seems to be a local mediator rather than a systemic mediator, as luminal but not intravenous administration of glucose increases intestinal SGLT1 expression in rats [18] . Along the same lines, obese mice show increased glucose transport as a result of increased mucosal mass with more SGLT1 transporters available, but this effect is independent of increased SGLT1 activity [19] .
In addition, SGLT1 expression and activity exhibits a diurnal rhythm that correlates waking hours with highest expression of SGLT1 [20] [21] [22] [23] . Of note, altering food intake may posttranslationally regulate the diurnal expression of SGLT1; however, the hormones or central/peripheral clock genes have not been identified so far [24] . As blood pressure also exhibits a diurnal rhythm, it is interesting that intestinal SGLT1 transport capacity and expression are significantly reduced in spontaneously hypertensive rats, although the mechanism is unclear [25] . Whether this is related to a general dysregulation of sodium transport is unknown; studies evaluating SGLT1 in salt-sensitive or salt-resistant models of hypertension deserve further consideration.
The signal(s) responsible for transcription and translation of SGLT1 mRNA, in addition to trafficking of SGLT1, are not well understood. A recent study identified that the cytoskeletal components a-tubulin and actin participate in the redistribution of SGLT1 [26 & ,27] . In addition, when caveolin-1, a plasma membrane protein known to regulate the insertion and retrieval of transport proteins, and SGLT1 are coexpressed in oocytes, SGLT1 protein abundance and glucose transport increase [28] . However, these results need to be interpreted with caution because in vivo caveolin-1 protein, mRNA or immunofluorescence was undetectable in proximal tubules [29] .
Regulation by protein kinase A and protein kinase C
SGLT1 contains a number of consensus sites for regulation by protein kinase A (PKA) and protein kinase C (PKC), although the number of sites varies between species: one PKA site in rabbit and human, none in rat; five consensus PKC sites in rat and human and four in rabbit [30, 31] . PKA-mediated changes in sodium/glucose cotransport have been described in vivo and in vitro. In Chinese hamster ovary (CHO) cells overexpressing human SGLT1 and in rat small intestine, activation of PKA increased the number of SGLT1 in the membrane [32] . In oocytes expressing rabbit SGLT1, 8-Br-cAMP
KEY POINTS
SGLTs are regulated in a complex fashion; however, signaling pathways resulting in upregulation or downregulation are poorly defined.
SGLT inhibitors may be efficient in the treatment of both type 1 and type 2 diabetes mellitus.
Intestinal inhibition of SGLT1 may potentially improve glycemic control by delaying glucose absorption and by stabilizing GLP-1 blood plasma levels.
increased sodium/glucose cotransport capacity by nearly 30%, an effect speculated to be caused by changes in SGLT1 trafficking [30] . Forskolin and 8-Br-cAMP were found to increase SGLT1 activity, a consequence of increased SGLT1 in the plasma membrane mediated by direct PKA-dependent phosphorylation [32] . In contrast, 8-Br-cAMP significantly reduced glucose uptake in human embryonic kidney cells transfected with human SGLT1 [33 & ]. In rats and sheep, when cAMP formation is stimulated by b-adrenergic agonists, intestinal SGLT1-mediated glucose uptake increases, an effect that can be inhibited by H-89, a PKA inhibitor [34, 35] .
PKC-mediated effects on SGLT1 have also been described. Surprisingly, vast species differences exist: PKC activation decreased the maximum transport capacity of rabbit and rat SGLT1, but was increased with human SGLT1 [30, [36] [37] [38] . Some of these effects might depend on the coexpression of other proteins. For example, the expression of the regulatory protein RS1 differentially affected PKCmediated glucose transport of human SGLT1. Stimulation of PKC without RS1 caused an increase in glucose transport, while in the presence of RS1, glucose transport was decreased [37] . RS1 knockout mice have a nearly seven-fold increase in intestinal SGLT1 [39] , which is consistent with the finding that its presence inhibits SGLT1 expression [37, 40] . The regulation of SGLT1 via PKC may require the activation of a complex signaling cascade involving p38/mitogen-activated protein kinase (MAPK), extracellular signal-regulated kinase (ERK)/MAPK, c-Jun N-terminal protein kinase (JNK)/MAPK and phosphoinositide-3 kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) [36, [41] [42] [43] . There is some evidence that JAK2 activation might consecutively activate these signaling pathways [44] . A novel regulator of SGLT1 is tau-tubulin-kinase 2 (TTBK2), a serine/threonine kinase. In oocytes coexpressed with TTBK2 and SGLT1, electrogenic glucose transport was increased compared with oocytes expressing kinase inactive mutants [45] .
Regulation by leptin
Leptin, an adipocyte-derived hormone, is critically involved in energy intake and expenditure [46] and plays a role in intestinal nutrient absorption [47] [48] [49] . Intestinal SGLT1 expression does not require leptin because leptin-deficient mice have normal SGLT1 expression; however, hyperleptinemic mice [50] or leptin administration to rats [51] severely reduced SGLT1. Thus, leptin may play a role in regulating SGLT1 expression. Luminal leptin was able to acutely inhibit sodium-dependent glucose transport and reduce brush border membrane SGLT1 protein levels in genetically obese fa/fa rats [51] . In addition, intestine-specific deletion of the leptin receptor isoform b resulted in downregulation of SGLT1 and a delayed onset of obesity [52] . Our own studies identified that intestinal SGLT1 expression and membrane abundance are severely reduced in hyperleptinemic db/db mice [50] . The signaling pathways for leptin-induced SGLT1 regulation remain elusive but might include leptininduced activation of both PKA and PKC as described in rat enterocytes [51, 53] .
Regulation by other signaling pathways
The 'with-no-K[Lys] kinases'/STE20/SPS1-related proline/alanine-rich kinase (SPAK)/oxidative stress responsive (OSR) kinase-1 pathway is a regulator of ion transport. Studies in oocytes and mice identified that SPAK is a powerful negative regulator of SGLT1. Decreased glucose transport is due to SPAK-induced inhibition of SGLT1 insertion into the cell membrane [54 & ]. Studies on the role of OSR1 for the regulation of SGLT1 are more indirect: the glucose-induced current was lower in knockin mice carrying one allele of WNK-resistant OSR1 than wild-type mice [55] .
The AMP-activated protein kinase (AMPK) is activated upon increased cytosolic AMP/ATP concentration ratio and thus senses the energy status of the cell. By studying catalytically inactive or constitutively active AMPK coexpressed with SGLT1 in oocytes, it was shown that active AMPK increased maximal sodium-dependent glucose transport by up to nearly 60% [56] . Related to the cellular stress response, SGLT1 activity is also enhanced by the serum and glucocorticoid-inducible kinase 1 and 3 (SGK1 and SGK3, respectively). SGK1 and SGK3 are not constitutively active and require activation via phosphoinositide-dependent kinase-1 [57] or phosphatidylinositol-3-phosphate-5-kinase [58] . Although knockout of SGK1 had no effect on intestinal SGLT1 activity and expression [59] , knockout of SGK3 caused a moderate decrease of intestinal SGLT1 activity [60] . Further, the coexpression of Nedd4-2, a ubiquitin ligase that is phosphorylated by SGK1 and SGK3, with SGLT1 caused a decrease in glucose current and cell surface expression [61] .
REGULATION OF SODIUM-GLUCOSE COTRANSPORTER 2
Data on the regulation of SGLT2 are not as abundant as for the regulation of SGLT1. It is possible that SGLT2 is regulated at the transcriptional level by factors such as hepatocyte nuclear factor (HNF-1a), which can bind to the SGLT2 promotor region [30] . In addition, a recent phosphoproteomic analysis identified three novel phosphorylation sites in rat SGLT2 [62] , providing evidence that in addition to SGLT1, SGLT2 might also be regulated via phosphorylation.
Studies in human embryonic kidney cells expressing human SGLT2 showed that activation of PKA and PKC increased glucose uptake by 225 and 150%, respectively [33 & ]. PKA-mediated glucose uptake might relate to an increased rate of vesicle fusion with the membrane; however, no such mechanism was found after PKC activation. SGLT2 gene sequence alignment identified that rat serine 623 was conserved and corresponded to human serine 624. Interestingly, expression of a serine 624 alanine mutant in rats prevented PKA and PKC stimulation of glucose uptake [33 & ]. The same mutation in human SGLT2 prevented an insulin-induced increase in glucose uptake. There is also evidence that oxidative stress mediates insulin-induced increases in SGLT2 expression in human proximal tubular cells [63 & ]. In contrast, no effect of insulin was observed on human SGLT1 [33 & ]. Studies in primary rabbit proximal tubule cultures also showed SGLT2 regulation via PKA, in addition to regulation by exchange proteins directly activated by cAMP (Epac), MAPK, nuclear factor kB and caveolin-1. Although SGLT2 expression was increased following activation of Epac/PKA via ERK/p38, MAPK and nuclear factor kB, trafficking of SGLT2 to the plasma membrane requires caveolin-1 and F-actin [33 & ,64 ]. In the kidney pig cell line (LLC-PK1), treatment with the cytokines interleukin 6 and tumor necrosis factor a increased SGLT2 mRNA and protein expression compared with untreated cells [65] . Similarly, phosphorylation of the cytokine transforming growth factor b1 and the downstream transcription factor smad3 increased SGLT2 protein expression in human kidney proximal tubular cells [66] . Under pathological conditions, both cobalt chloride and low oxygen pressure induced hypoxia in LLC-PK1 cells increased hypoxia-inducible factor-1a expression and was associated with reduced SGLT1 and SGLT2 expression [67 & ]. The mechanism remains elusive, but might involve reducing the work load under hypoxic conditions or could be an effect secondary to reduced sodium/potassium-ATPase activity.
Exposure to cadmium at toxicological levels causes glucosuria [68] . Cadmium exposure decreases sodiumdependent glucose uptake in primary cultures of mouse kidney cells that are paralleled by a decrease in the mRNA levels of SGLT1 and SGLT2, possibly mediated by cadmium interacting with the zinc finger domain of the transcription factor SP1 [69] .
RENAL SODIUM-GLUCOSE COTRANSPORTER REGULATION IN DIABETES
Our own data support that there are opposing changes on renal SGLT2 expression depending on the diabetic model used (e.g. genetic vs. chemical). Studies in mice showed that streptozotocin (STZ, chemical)-induced type 1 diabetes mellitus (T1DM) significantly decreased renal SGLT2 expression [70] . This might relate to a toxic effect of STZ in the kidney [71] , perhaps via changes in membrane lipid composition [72] , an effect that was not described for SGLT1 [71] . In contrast, in STZ-induced diabetic rats, intestinal glucose transport and SGLT1 protein expression were increased [73] . The reason for these discrepancies remains elusive. In genetic diabetic models, including hyperleptinemic db/db mice (type 2 diabetes mellitus, T2DM) and Akita mice (T1DM), we showed that renal SGLT2 expression was increased by 100 and 50%, respectively [70] . The signaling pathways causing downregulation of SGLT1 in situations in which SGLT2 is absent [14 & ] or inhibited [74 && ] remain to be determined; however, this might be a protective mechanism to save the S3 segment from glucose overload. For other factors regulating renal SGLT under diabetic conditions, including, but not limited to, the effect of diabetes on hyperplasia and hypertrophy, readers are referred to other excellent reviews [1,2, 75, 76] .
Due to the critical role of SGLTs in glucose homeostasis, there has been an increasing interest in developing SGLT1 and SGLT2 inhibitors as potential treatments for human disease. Selective SGLT2 inhibitors can target renal handling of glucose without the undesirable effects in other tissues in which SGLT1 mediates glucose and galactose absorption [1] . Dapagliflozin was the first selective SGLT2 inhibitor to be approved for treatment of T2DM in 2012 [1]. It was followed by the approval of other SGLT2 inhibitors such as canagliflozin, empagliflozin, ipragliflozin, tofogliflozin and luseogliflozin. These SGLT2-specific inhibitors increase urinary glucose excretion, lower blood glucose levels and may reduce blood pressure in T2DM patients [43, [45] [46] [47] . Administration of the dual SGLT1/2 inhibitor, LX4211, to T2DM patients might be beneficial because SGLT2 inhibitors have shown limited efficacy in patients with moderate to severe renal impairment [77 && ]. This problem might be overcome with SGLT1/2 inhibitors when SGLT1 inhibition causes delayed intestinal glucose absorption [44] . Although SGLT2 inhibitors are not approved for T1DM patients, there is evidence that they also may be helpful. In the Akita mouse model, empagliflozin attenuated/prevented hyperglycemia, glomerular hyperfiltration, hypertension and kidney growth [74 && ]. In particular, reduced early diabetic hyperfiltration and reduced kidney growth are of great interest, as it may be linked to the development of diabetic nephropathy [8, 39] . These data are also supported by clinical trials showing that SGLT2 inhibitors efficiently lower blood glucose levels in T1DM patients [78] .
Although most of the focus has been on SGLT2 inhibitors, SGLT1 inhibitors have also been shown to be effective at maintaining glucose homeostasis. Diabetic rats treated with a selective SGLT1 inhibitor reduced small intestinal glucose absorption, improved postprandial hyperglycemia, increased GLP-1 plasma levels and preserved glucose-stimulated insulin secretion [79] .
CONCLUSION
Over the last three decades, scientists have become aware of the key role of SGLT transport in diabetes and obesity, as evidenced by a tremendous increase in the number of yearly publications. These have contributed to the first step into the clinical era of the usage of SGLT inhibitors. Thus, future studies will provide an improved understanding of both beneficial and adverse effects of the clinical application of SGLT2-specific inhibitors. SGLT1-specific inhibitors may have a therapeutic potential. However, SGLT1 is, in contrast to SGLT2, expressed in various tissues including the heart, liver and lung [13 && ]. Thus, the effect of SGLT1 inhibition in these tissues should be of concern and this issue needs to be addressed with caution. This obstacle could potentially be overcome by the development of nonabsorbable SGLT1 inhibitors; however, diarrhea as a possible adverse effect needs to be considered. Although there is ample research on role of SGLT1/ SGLT2 for glucose transport, more basic research is needed focusing on the molecular and biochemical regulation of SGLTs. and the Department of Veterans Affairs. Further funding (to R.A. Fenton) is provided by the Lundbeck Foundation, the Danish Medical Research Council and the Novo Nordisk Foundation.
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